Thiol-ene polymerization is a versatile tool for several applications. Here we report the preparation of epoxide groups containing thiol-ene photocurable polymeric support and the covalent immobilization of α-amylase onto these polymeric materials. The morphology of the polymeric support was characterized by scanning electron microscopy (SEM), and energy dispersive spectroscopy (EDS) coupled with SEM was used to explore the chemical composition. The polymeric support and the immobilization of the enzyme were characterized by FTIR analysis. SEM-EDS and FTIR results showed that the enzyme was successfully covalently attached to the polymeric support. The immobilization efficiency and enzyme activity of α-amylase were examined at various pH (5.0-8.0) and temperature (30-80 o C) values. The storage stability and reusability of immobilized α-amylase were investigated. The immobilization yield was 276 ± 1.6 mg per gram of polymeric support. Enzyme assays demonstrated that the immobilized enzyme exhibited better thermostability than the free one. The storage stability and reusability were improved by the immobilization on this enzyme support. Free enzyme lost its activity completely within 15 days. On the other hand, the immobilized enzyme retained 86.7% of its activity after 30 days. These results confirm that α-amylase was successfully immobilized and gained a more stable character compared with the free one.
Alpha-amylase is one of the most important enzymes used in industry and biotechnology, being of high relevance in the food, fermentation, detergent, paper, and textile industries [13, 18, 26, 36] .
In general, the immobilization of enzymes is advantageous in industrial processes since it allows for enzyme reutilization, facilitates separation, and decreases production costs and the generation of wastes, while offering mild reaction conditions [30, 31] . Immobilization usually leads to an increase of enzyme activity, selectivity, and stability [8, 23, 30] . Immobilized enzymes are typically active over a broader range of environmental conditions than free enzymes, and inhibition by substrates, reaction products, or any other components present in the environment may also be minimized upon immobilization [8, 23] .
Alpha-amylase has been immobilized onto a wide variety of organic and inorganic supports, as for example silica gel [29] , chitosan [11] , and glass [15] .
Thiol-ene photopolymerizations have become a valuable synthetic tool in the preparation of biopolymers. Several applications using this polymerization technique have been reported. These applications include among others, development of protein biochips [21] , cellular microarrays [12] , hydrogels [2, 27] , injectable intraocular lenses [24] , and dental restorative materials [10] .
In this work, we report on the immobilization of α-amylase onto a thiol-ene photocurable polymeric support. The immobilization efficiency and enzyme activity of α-amylase were examined at various pH (5.0-8.0) and temperature o C) values. The storage stability and reusability of the immobilized α-amylase were investigated.
MATERIALS AND METHODS

Materials
Trimethylolpropane tris-(3-mercaptopropionate) (TMPMP), Glycidyl methacrylate (GMA), 3,5-dinitrosalicylic acid (DNSA), bovine serum albumin (BSA), and α-amylase (1,4-α-D-glucan-glucanohydrolase; E.C. 3.2.1.1, Type VI-B from porcine pancreas, extra pure 35 U/mg) were purchased from Aldrich and used as received. Trimethylolpropane triacrylate (TMPTA) was obtained from Sartomer and used without further purification. Darocure-1173 photoinitiator was obtained from Ciba Specialty Chemicals.
Preparation of Epoxy Containing Thiol-Ene Photocurable Polymeric Support
Thiol-ene photocurable polymeric support was prepared by mixing TMPTA, TMPMP, and GMA at a molar ratio of 1:1:2. Darocure-1173 was used as a liquid-type photoinitiator and its amount was fixed at a 3% (wt/wt). The prepared formulation was then transferred in a round-shaped Teflon mold (R = 4 mm). After 180 s irradiation under UV lamp, a 1 mm thick polymeric support was obtained. All of the prepared polymeric support was immersed in a large excess of distilled water for a day to remove the unreacted monomers and residual initiator and were then dried in a vacuum oven at 30 o C. Scheme 1 shows the structures of all the monomers used and also depicts the preparation of the photocurable polymeric support for enzyme immobilization.
Immobilization of α-Amylase
Thiol-ene photocured polymeric support materials were added to an enzymatic solution of 10 mM phosphate buffer (pH 6.9) containing 1.5 g (52,500 U) of α-amylase. The solution was incubated in a water bath with constant shaking at 25 o C for 24 h. Enzyme-bound materials were taken out of the buffer solutions and physically bound enzyme was removed by washing materials three times with 10 mM phosphate buffer (pH 6.9). The washing solutions were kept for measuring the amount of covalently bound enzyme on the support. The polymeric support materials were then dried with lyophilization. The enzyme protein concentration within the extract was measured using Coomassie Brillant Blue reagent as described by Bradford [7] . A calibration curve prepared with bovine serum albumin (BSA) solution of known concentration was used in the calculation of protein in the enzyme and wash solution. From the results of protein recovery, the amount of bound protein per weight of material was calculated.
Effects on Enzyme Activity
In this work, the activity of immobilized α-amylase was determined through the detection of released reducing sugars from starch using 3,5-dinitrosalicyclic acid (DNS) [6] . Briefly 1 wt% starch solution was prepared by dissolving soluble starch in 100 ml of 10 mM phosphate buffer (pH 6.9). In a test vial, a known amount of polymeric support containing α-amylase was placed. Then 1 ml of starch solution was added and the system was incubated in a water bath with constant shaking at 30 o C for exactly 5 min. The reaction was stopped by adding 1 ml of 3,5-dinitrosalicylic acid reagent. Incubation was performed in a boiling water bath for 5 min and then cooling the reaction tubes to room temperature. The amount of reduced sugar (maltose) produced was determined spectrophotometrically at 540 nm. In each set of experiments, a standard curve was prepared with maltose solutions of different concentrations. An enzyme activity unit (U) was defined as the amount of enzyme liberating 1 µmol maltose per minute under the assay conditions. Each determination was carried out in triplicate.
Activity (U/mg)=
To determine the pH and temperature profiles for the free and immobilized α-amylase activities, assays were carried out over the pH range of 5.0-8.0 and temperature range of 30-80
Kinetics of Free and Immobilized α-Amylase K m and V max were determined from the initial rates of the reaction of the enzyme with starch solution using different concentrations of the substrate (0.25-2.5 mg/ml).
Reusage of Immobilized α-Amylase
One milliliter of 1 wt% starch in 10 mM phosphate buffer (pH 6.0) was added to the enzyme immobilized on thiol-ene photocured polymeric support and incubated for 5 min at 50 o C under constant shaking for each cycles At the end of the reaction, immobilized enzyme was taken and washed with distilled water and then added to a substrate solution to start a new cycle. The supernatant was assayed for reducing sugars.
Effect of Storage Time of Immobilized α-Amylase
The storage time of immobilized α-amylase was determined by carrying out the pH 6.0 and 50 o C at different times (1-30 days). The residual activities were calculated as percentage of the initial activity.
Characterization
The FT-IR spectrum was recorded on a Perkin Elmer Spectrum 100 ATR-FTIR spectrophotometer. The conditions of analysis were as follows; resolution 2 cm -1 and a frequency range of 400-4,000 cm -1 . Scanning electron microscopy (SEM) image of the thiol-ene photocured polymeric support was acquired at the acceleration voltage of 10 kV by using a Philips XL30SEM FEG.
RESULTS AND DISCUSSION
Characterization of the Polymeric Support Materials
The FT-IR spectrum of the liquid thiol-ene photocurable mixture can be seen in Fig. 1 . The absorption band at . The band near 2,570 cm -1 is assigned to the S-H bond stretching vibrations. The bands at 1,250 cm -1 and 950 cm -1 are due to the the symmetric and asymmetric ring stretching of epoxide groups, respectively. The peaks at 2,960 cm -1 and 2,870 cm -1 correspond to the aliphatic C-H bonds. Fig. 1 shows that, after UV-curing, the intensity of the double-bond vibration bands at 1,635 cm -1 and 810 cm -1 and thiol bond vibration band at 2,572 cm -1 were decreased sharply. This evidence proves that the polymerization was achieved successfully. Moreover, Fig. 1 shows the FT-IR spectrum of the polymeric support materials after enzyme immobilization and following lyophilization. The broad peak the appeared at 3,500 cm -1 is due to newly formed -OH groups, which proves the reaction between α-amylase and the epoxide groups. Moreover, a decrease in the band intensity of the epoxide ring stretchings can be seen in this spectrum. Thus it can be interpreted that the enzyme was successfully covalently attached to the polymeric support material rather than being physically entrapped in the polymer matrix. Fig. 2 shows the SEM micrographs of the surface morphology of the polymeric support before and after enzyme immobilization. It can be seen from these micrographs that the polymeric film had a uniform, homogeneous, and crack-free surface before enzyme immobilization. On the other hand, it is clearly seen that the surface morphology of the thiol-ene cured films changed after immobilization. These figures also show the covalent attachment of the enzyme on the surface of the polymer films.
Furthermore, the elemental composition of the polymer surface was determined by energy dispersive X-ray spectroscopy (EDS). According to the EDS results, the weight percentages of C, N, O, S, and Na were found as 73.04%, 4.96%, 15.88%, 5.44%, and 0.68% respectively. The presence of nitrogen atoms on the surface of the polymeric films was attributed to the covalent immobilization of the enzyme.
Immobilization Efficiency
In the literature, there are many different loading values for different structures with various levels of activity retention for α-amylase immobilization. For example, coupling capacities were reported as 3-29 mg/g, respectively, on polystyrene and silica based supports [19, 35] and 25-90 mg/g for cellulosic supports [17] . Hasirci et al. [14] showed the amount of bound enzyme as 7.6 mg, 6.5 mg, and 39.3 mg per gram of poly(dimer acid-co-alkyl polyamine) particles, which were activated by CDI, EDA, and HMDA, respectively. In our previous study on the α-amylase immobilization capacity on UV curable polymeric support material (methacrylated/fumaric acid modified cycloaliphatic epoxide) was found as 94 mg/g support [15] . In this study, the amount of covalently bound α-amylase enzyme was found as 276 ± 1.6 mg per gram of polymeric support material. Moreover, the immobilization yield based on total amylase activity was found to be 28.6%.
Effect of pH on Activity
The effect of pH on the free and immobilized α-amylases was investigated in the range of pH 5.0-8.0 and results are presented in Fig. 3 . The maximum activity was observed at pH 6.5 for free α-amylase. However, the maximum pH of the immobilized enzyme was shifted 0.5 pH unit to the acidic region. The shift depends on the enzyme reaction as well as on the structure and the charge of the matrix. For amylase immobilization, shift towards the acidic or basic directions have been observed previously [4] .
Effect of Temperature on Activity
The inability to enhance the thermal stability of a native enzyme is one of the most important limitations for their application. The activity of free and immobilized α-amylases was assayed at various temperatures (30-80 o C). The results in Fig. 4 show that the maximum catalytic activity was obtained at 30 o C for free α-amylase and 50 o C for immobilized α-amylase; however, as the temperature increased, the stability of free enzyme reduced rapidly compared with the immobilized form. The immobilized α-amylase exhibited better thermostability than the free one. α-Amylase was covalently immobilized onto phthaloyl chloride containing amino group functionalized glass beads. The immobilized α-amylase exhibited better thermostability than the free one [15] . Sakhukhan et al. [28] reported a similar increase in temperature optima for immobilized α-amylase. Increased thermal stability has been reported for a number of immobilized enzymes, and the support material is supposed to preserve the tertiary structure of the enzyme. The authors demonstrated that the thermal stability of enzymes might be drastically increased if they are attached to a complementary surface of a relatively rigid support in a multipoint [22] .
Kinetics
Kinetic parameters, the Michaelis constant K m and the maximum activity V max for the free and immobilized α-amylases were determined using soluble starch as substrate. K m and maximum activity V max values can seen in Table 1 . The Michaelis-Menten constant K m and maximum activity V max of the free and immobilized enzymes were estimated at pH 6.5 and 30 o C, respectively. K m values were found as 0.55 and 1.37 mg/ml for free and immobilized enzymes, respectively. In general, the K m of an immobilized enzyme is different from that of the free enzyme owing to diffusional limitations, steric effects, and ionic strength [5] . The K m value is known as the affinity of the enzymes to substrates, and the lower values of K m emphasize the higher affinity between enzymes and substrates [9, 25] . The results have shown that the affinity of the α-amylase to its substrate was decreased by immobilization. V max values for the free and immobilized enzymes were calculated as 10 and 0.0425 mg·ml -1 per minute, respectively.
Reusability and Storage Stability
Enzymes are still quite expensive products. Their recycling and multiple uses could be ensured using the existing enzyme immobilization techniques. The most important advantage of immobilization is repeated use of enzymes.
Reusabilities of the immobilized α-amylase samples were examined by using the same conditions repeatedly 15 times and the measured activities are shown in Fig. 5 . The residual activity of the immobilized α-amylase was decreased with the increasing number of washes. At the end of the 12th cycle, the residual activity retained was approximately 76.52%. Kahraman et al. [16] studied the reuse capability of α-amylase, which was in the range of 74-88% when immobilized on UV curable. Aksoy et al. [3] and Tumturk et al. [32, 33] reported that the reuse capabilities of α-amylase were in the range of 80-95% when immobilized on various polymeric matrices by using different activating agents.
In general, if an enzyme is in solution, it is not stable during storage, and the activity is gradually reduced. The effect of storage conditions on the activity of the immobilized enzyme is an important aspect to ensure that a long shelf life is possible. The decline of enzyme activity is essentially identical for all storage conditions tested [20] . In this study, free and immobilized enzymes were stored at 4 o C, and the activities were measured after certain periods of storage, and the results are given in Fig. 6 . Free enzyme lost its activity completely within 15 days. However, the immobilized enzyme retained 86.7% of its activity after 30 days. This result showed that, by immobilization, the enzyme gained more stable character than the free one. Retained activities of α-amylase immobilized on various polymeric supports were previously reported as 83.7-90.7% after 30 days of storage [3, 15, 16, 32, 34] . Thus, the support and technique of immobilization provided a longer shelf life than that of the free counterpart [1] .
To conclude, in this study, thiol-ene photocurable polymeric support was successfully prepared and the immobilization of amylase on the polymer support has been obtained by covalently bonding and characterized by FT-IR and SEM. Enzyme assays demonstrated that the immobilized enzyme exhibited better thermostability than the free one. The optimum pH of the immobilized enzyme was shifted 0.5 pH to the acidic region. The storage stability and reusability were improved by the immobilization on this enzyme support. These results confirm that α-amylase was successfully immobilized and gained a more stable character compared with the free enzyme.
The originality of this study stems from the use of both thiol-ene polymerization and enzyme immobilization techniques. There are only a few studies that focus on both techniques. This immobilized enzyme can be used to treat starch (or cornstrach) for the production of ethanol, fructose, or dextrose. Furthermore, owing to the thermal stability of this immobilized enzyme, it might be used in detergents. 
